Management of small plant populations requires an understanding of their reproductive ecology, particularly in terms of sensitivity to Allee effects. To address this issue, we explored how components of pollen transfer and pollination success of individual plants varied among 36 populations of the self-compatible moth-pollinated orchid Satyrium longicauda in South Africa. Mean fruit set, seed production, proportion of flowers with pollen deposited or removed and proportion of removed pollen that reached stigmas (approx. 8% in this species) were not significantly related to population size (range: 1-450 flowering individuals), density or isolation. Plants in small populations did, however, have significantly higher levels of pollinator-mediated self-pollination (determined using colour-labelled pollen) than those in larger populations. Our results suggest that small populations of this orchid species are resilient to Allee effects in terms of overall pollination success, although the higher levels of pollinator-mediated self-pollination in small populations may lead to inbreeding depression and long-term erosion of genetic diversity.
INTRODUCTION
Plants in small or sparse populations often experience lower reproductive output than their conspecifics in large populations (e.g. Lamont et al. 1993; Å gren 1996; Kéry et al. 2000; Å gren et al. 2008) . This phenomenon, known as the Allee effect, is of great concern for conservationists as reduction in population size is a common consequence of habitat fragmentation (Eriksson & Ehrlén 2001) . However, the actual extent of Allee effects in plants may be obscured by a bias towards publication of studies that find these effects. In addition, the underlying causes of Allee effects when they are present in plant populations remain poorly understood (Hobbs & Yates 2003; Ghazoul 2005) .
Positive relationships between population size and seed production in plants may be due to ecological or genetic factors or a combination of both. Some studies have shown that lower seed set of plants in small populations is due to pollen limitation (Å gren 1996; Ward & Johnson 2005) . This is usually an ecological consequence of inadequate pollinator visitation affecting pollen quantity, but there is also evidence that the quality of pollen (e.g. compatibility type) received by stigmas can be lower in small populations (Busch & Schoen 2008) . Other evidence for a role for genetic factors in Allee effects includes correlations between inbreeding coefficients and low seed production in small populations (reviewed by Leimu et al. 2006) . Increased homozygosity in small populations can be due to loss of alleles through drift, founder effects, biparental inbreeding or higher rates of self-fertilization (cf. Klinkhamer & de Jong 1990; Ellstrand & Elam 1993; Young et al. 1996) .
We investigated the relationships between population size and components of pollination success in Satyrium longicauda, a widespread South African terrestrial orchid pollinated by hawkmoths Jersakova & Johnson 2007) . As study organisms, orchids have the advantage of possessing flowers in which both pollen removal and pollen deposition can be quantified precisely in the field (Nilsson 1992 ). In addition, pollen can easily be stained and tracked in order to determine the rates of pollinator-mediated self-pollination and other pollen fates (cf. Peakall 1989; Johnson et al. 2004 Johnson et al. , 2005 . This is the first study in which the relationship between pollen fates and plant population size has been explored in any detail.
The aims of this study were to establish whether the size of S. longicauda populations influences pollination success, pollen transfer efficiency (PTE), rate of self-pollination and seed production of individual plants.
MATERIAL AND METHODS
We studied 36 discrete natural populations of S. longicauda in January and February 2003. These were distributed across six grassland subregions (five to seven populations each) close to Pietermaritzburg, South Africa (see the electronic supplementary material). The orchids were the only nectar plants available for hawkmoths at these sites, thus making it unlikely that interspecific interactions would affect pollination. Population size varied from 1 to 450 flowering individuals (medianZ11). For each population, we recorded population density, calculated as the number of plants per square metre (range: 0.0001-1.0, medianZ0.013) and degree of isolation, calculated as the distance in metres to the nearest population (range: 50-5000, medianZ300).
A preliminary breeding system experiment at the 'Wahroonga' site revealed that S. longicauda is self-compatible and largely incapable of autonomous self-pollination. Eight randomly chosen plants were bagged to prevent pollinators from visiting them. After anthesis, four flowers per plant were randomly selected to be selfpollinated, four to be cross-pollinated and four to be unmanipulated controls. The median percentage fruit set per plant for self-pollinated flowers (100%, range 50-100%) did not differ significantly from that for cross-pollinated flowers (100%, range 66.6-100%, ZZ0.92, pZ0.35, Wilcoxon signed-rank test for paired samples). However, the mean (Gs.e.) angular-transformed percentage of seeds with viable embryos per fruit per plant was much higher in the crosspollination treatment (back-transformed values, cross: 31.9G5.5%, self: 8.0G2.9%, t 7 Z4.1, pZ0.004, paired t-test). Just 21 per cent of flowers in the unmanipulated treatment set fruit and these contained a minimal mean percentage (2.4%) of seeds with embryos.
Natural pollination success was scored for one recently wilted flower selected arbitrarily from each of approximately 30 plants per population. In populations containing fewer than 10 individuals, two to four flowers per plant were collected. Collected flowers were examined under a microscope to establish the number of pollinaria (pollen packages) removed and the number of individual pollen massulae (subunits of pollinaria) deposited on stigmas.
For each population, the PTE, a measure of the proportion of removed pollen that reaches stigmas (cf. Johnson et al. 2004) , was calculated as M s /(N r !P ), where M s is the mean number of pollen massulae on stigmas; N r is the mean number of pollinaria removed from flowers; and P is the mean number of pollen massulae per pollinarium. The latter was based on counts for 20-30 pollinaria from each of seven populations.
Pollinaria in 5-15 plants in each of 21 populations were stained with histochemicals (Peakall 1989 ) to assess the rate of selfpollination and its relationship to population size. Up to three focal groups of five plants each were used in each population and each plant in a focal group was assigned to be stained with one of the following stains: gentian violet; fast green; brilliant blue; rhodamine; and neutral red. These stains do not affect transfer probabilities ( Johnson et al. 2004) . Staining was accomplished by injecting the histochemicals into the anthers of up to five flowers per plant with a 5 ml Hamilton microsyringe. After 3 days, stained plants were collected and the number of stained pollinaria removed and stained massulae deposited were recorded. The rate of selfpollination was calculated as Ps/PTE, where Ps is the proportion of removed stained pollen that was deposited on stigmas of the source plant and PTE is the overall proportion of removed pollen that was deposited on stigmas in the population (see above).
At fruit maturation, the percentage of flowers that set fruit was determined for plants in 17 populations. We scored fruit set in all the plants in these populations, except for a larger population in which it was scored for a subsample of 20 individuals. We also collected a single fruit from each of 1-18 plants (meanZ6.9) in 24 populations and then, using a dissecting microscope, established the percentage of ovules that had developed into seeds with embryos in each of these fruits.
We examined the relationship between population size and population means for various measures of plant reproductive success using two sets of analysis of covariance (ANCOVA) models. The first set simultaneously included population size and grassland subregion as independent variables, while the second set in addition included population density and isolation as independent variables.
RESULTS
We did not detect significant relationships between population size and measures of male and female pollination success in S. longicauda ( figure 1; table 1 ). While PTE was apparently unaffected by population size, self-pollination was negatively related to population size in ANCOVA models both that did (F 1,9 Z8.61, pZ0.017; table 1) and did not take the effects of population density and isolation into account (F 1,12 Z12.6, pZ0.004; figure 1 ; statistically significant also after sequential Bonferroni correction). For both sets of models, neither the proportion of flowers setting fruit or the percentage of seeds with Population size and pollen fates in orchids S. D. Johnson et al. 283 viable embryos showed a significant relationship with population size. No measure of pollination success or fecundity in S. longicauda was significantly related to population density or isolation (table 1) .
The variance in the examined measures of reproductive success tended to decrease with increasing population size, but except for PTE (regression of absolute residuals from ANCOVA in table 1 on log population size, bZK0.025, pZ0.028, R 2 adj Z 0:14), this trend was not statistically significant ( pO0.33).
DISCUSSION
The orchid S. longicauda appears to have an overall resilience to Allee effects in terms of both population size and density. Both small and large populations experience high levels of pollination success, with approximately 70 per cent of flowers having pollen deposited and removed. In terms of PTE, approximately 8 per cent of the pollen removed from flowers reached stigmas, irrespective of population size. Pollen transfer is a notoriously stochastic process (cf. ) and this could confound the detection of population effects on PTE. However, the proportion of deposited pollen that arose from pollinator-mediated self-pollination was higher in small populations ( figure 1; table 1 ). This is consistent with the theoretical expectation that pollinators should visit more flowers per plant in small or sparse populations, which, in turn, would increase the level of geitonogamous self-pollination (cf. Klinkhamer & de Jong 1990; Goulson 1999) .
Although higher levels of self-pollination could potentially result in lower seed production (owing to significant inbreeding depression at the seed development stage, see §2), an effect of population size on fruit and seed production of S. longicauda was not evident in this study ( figure 1; table 1) . A possible explanation for this is that, despite the increased level of self-pollination in small populations, plants in these populations received sufficient cross-pollen for high levels of seed production. Orchids such as S. longicauda that have sectile pollinia usually receive mixtures of self-and cross-pollen on their stigmas . Waites & Å gren (2004) found that variation in seed production of the selfincompatible Lythrum salicaria largely reflected variation in deposition of compatible pollen and that seed production was apparently unaffected by the deposition of large quantities of self-incompatible pollen grains.
Many of the studies, in which a positive effect of population size on plant fecundity has been found, have involved bee-pollinated species (cf. Å gren 1996; Kéry et al. 2000) . Bees often forage in a local range and are expected to avoid small unprofitable patches (Goulson 1999) . It may be that the resilience of S. longicauda to Allee effects is partially related to its hawkmoth pollinators, which are migratory animals and largely opportunistic foragers. However, any firm conclusions about the link between Allee effects and particular pollinators must await a wider range of studies.
In conclusion, our study shows that seed production and most pollen fates in S. longicauda are not affected by the size, density or isolation of populations. However, the increased level of geitonogamous self-pollination in small populations is an intriguing phenomenon that deserves more attention, both with respect to the underlying process and its possible implications for the genetic structure of populations. 
